In this work, poly(3-ethylenedioxythiophene) (PEDOT) was synthesized on glass by spin coating for 10 seconds at 500 rpm and polymerization was carried out in an oven at 110 o C for 10 min. Methanol and water mixture were used as the solvent and dodecylbenzene sulfonic acid (DBSA) as the surfactant. The conductivities of films were measured and their relationship with different solvent or various surfactant contents were discussed. The morphology of films was observed by SEM, and PEDOT synthesized in methanol-rich solvents or with less DBSA content had more smooth surfaces, showed lower degradation temperature (by TGA). Also, PEDOT synthesized in methanol-rich solvents or with less DBSA were doped better, as observed by UV-Vis spectra.
Introduction
Conducting polymers are used widely in industries lately. They mainly consist of conjugating polymers. Common conducting polymers include polyaniline, polypyrrole and polythiophene. One of the most promising conducting polymers is poly(3-ethylenedioxythiophene) (PEDOT), which is a derivative of thiophene. PEDOT displays good environmental stability even at elevated temperature [1] [2] [3] .
The EDOT monomer has a very low solubility in water. By use of surfactants, such as DBSA, low solubility problem of EDOT in water could be solved with acceptable conductivities of the respective PEDOT; DBSA itself could act as a dopant too [4] [5] .
Numerous efforts had been made to optimize chemical synthesis of PEDOT. The typical oxidant used in polymerization was FeCl 3 . Corradi and Armes reported that usage of greater than stoichiometric amount of FeCl 3 could give a good yield and reasonable conductivity [6] .
Several works focus on manipulating an appropriate side-groups functionalization on PEDOT. Alkyl-substituted poly(3,4-alkylenedioxythiophene) could achieve maximum conductivities of about 10 S/cm [7] . PEDOT with terminal halogen on side groups was proved to possess high conductivity up to 65 S/cm [8] [9] .
A common oxidant used to synthesize PEDOT is iron(III) p-tosylate. Tosylate doped PEDOT could attain high transparency and conductivity in films [10] [11] [12] [13] ; organic solvents were introduced in polymerization. Solvent effect on the conductivity was investigated and found that alcohols were much better with respect to ketones [14] . With increasing chain length of alcohols, the conductivity of PEDOT could drop about 1 to 2 orders [15] .
Ha et al. reported the effect of weak base in polymerization of PEDOT [16] . Imidazole was found to retard the polymerization, promote higher molecular weight and prevent the polymer from overdoping in addition.
In this work, we synthesized PEDOT on glass by spin coating. Methanol and water mixture were used as the solvent and DBSA as the surfactant. The conductivities of films were measured and their relationship with solvent or surfactant was discussed.
Results and discussion
The conductivities of resulting films are summarized in Fig. 1 to Fig. 3 and Table 1 . In Fig. 1 , increasing percentage of water as solvent led to a significa nt decrease in conductivities of films. In Fig. 2 , conductivities of films increased first when little DBSA was added but decreased again with further addition of DBSA. In Fig. 3 , the presence of imidazole dramatically increased conductivities of films. The critical micelle concentration (CMC) of DBSA in different water/methanol solvents is shown in Fig. 4 . When 20 vol% of methanol was added into water, the CMC of DBSA could still be measured and was about 2 mM. However, if methanol was more than 40 vol%, the CMC of DBSA was hardly observed in the mixture solvent system. In our system, while changing water/methanol volume ratios, concentration of DBSA was about 5 mM, which was more than twice the CMC of DBSA.
From SEM photographs, films formed with increasing amount of water tended to show less smooth surface and therefore led to a drop on conductivities, as shown in Fig. 5 . In a water-rich system, DBSA could form micelles to attract EDOT monomers into micelles. The local concentration of EDOT in micelles was therefore much higher than outside the micelles and polymerization of EDOT proceeds very fast, which resulted in phase separation of PEDOT and prevented it from forming smooth films. As a result, we could see from Fig For different amount of DBSA added, we still could see some changes in film morphology as shown in Fig. 6 . Since DBSA has an admirable viscosity, its presence could change the morphology of films. When the DBSA/EDOT molar ratio increased from 0 to 0.2 and 0.3, improvement in smoothness of film surface could be seen. However, DBSA could act as a template to increase the polymerization of PEDOT. Therefore, increasing amount of DBSA might let polymerization proceed too fast and reduce film smoothness, as shown in Fig. 6 . Also from Fig. 2 , conductivity of PEDOT films increased slightly when DBSA increased from 0 to 0.3 molar ratio to EDOT, but dropped when DBSA increased up to 0.6 molar ratio to EDOT.
If imidazole was not added, polymerization will occur very fast [16] and the film formed will be hardly smooth as shown in Fig. 7 . This could affect conductivities in orders of magnitude, as shown in Fig. 3 . On the other hand, the addition of imidazole in the reaction mixture effectively slowed down the polymerization, the PEDOT film thus produced showed smooth surface morphology as seen in Fig. 7 (a) and much higher conductivity as discussed in Fig. 3 .
The UV-Vis spectra are shown in Figs. 8 to 10. In Fig. 8 , the peaks appearing below 400 nm represented undoped type of PEDOT, while the broad peak at about 800 nm represented doped type of PEDOT. As water content in solvent kept growing, the amount of undoped type increased. In those cases, polymerization of EDOT was carried out in micelles; polymerization was fast, polymer chains quickly aggregated with more coiled conformation. Therefore, doping on PEDOT became more difficult. In UV-Vis spectra we could also see red shift for water-rich system at 300-400 nm, which supported the existence of aggregation as well. With different content of DBSA, Fig. 9 showed that the relative intensity between undoped and doped peaks increased when molar ratio of DBSA increased. DBSA itself could act as a dopant of PEDOT but excess DBSA could constrain doping from the tosylate group of initiator due to steric hindrance. Therefore, the relative amount of doped PEDOT measured from UV-Vis reduced when DBSA was present. This could affect conductivity of PEDOT; the conductivity dropped when large amount of DBSA was added, as shown in Fig. 2 . The spectrum of each sample was normalized with film thickness, and translated vertically to let lowest point of every curve equal to each other.
In Fig. 10 , when imidazole was absent, doped PEDOT significantly decreased. PEDOT was formed and aggregated immediately, without leaving enough time for doping. As shown in Fig. 3 , poor doping led to lower conductivity for sample without imidazole. Thermo degradation of PEDOT was studied by TGA analysis, as shown in Fig. 11 to Fig. 13 . In Fig. 11 , when solvent became more and more water-rich, sample exhibited higher degradation temperature and left more char yield than in methanol system. Since dopant group has a lower degradation temperature, samples with more dopant group, which were doped better, could start to lose their weight in TGA at lower temperatures. For well-doped PEDOT, which is the case with methanol as the solvent, the weight started to lose earlier at about 300 o C, and with more extended chain conformation, it left fewer char yield after 800 o C as well. On the other hand, PEDOT synthesized in water-rich solvents were considered as less doped and with more coiled chain conformation, and they started to lose their weight at higher temperature as well as leaving more char yields after 800 o C. With different amount of DBSA during polymerization, as shown in Fig. 12 , TGA showed less difference in char yield except sample 5. When fewer DBSA was incorporated, it was observed that thermo degradation happened earlier and faster. PEDOT with more dopant group tended to lose their weight in TGA at lower temperatures, and UV-Vis in Fig. 9 has shown that lower DBSA content could give rise to better doping of PEDOT. In other words, lower conductivity was obtained from PEDOT synthesized with more DBSA, as shown in Fig. 2 .
In Fig. 13 , PEDOT synthesized without imidazole started to lose its weight in TGA at a higher temperature than that with imidazole. From SEM photographs and UV-Vis spectra, the lack of imidazole ended with poor-doped PEDOT, in agreement with the TGA results. Consequently, the addition of imidazole enhanced film smoothness and doping level of PEDOT, as well as increase in conductivities.
Conclusions
In this work, PEDOT was prepared on glass by spin coating for 10 seconds at 500 rpm and polymerization was carried out in an oven at 110 o C for 10 min. The PEDOT films obtained had elevated conductivities. In SEM photographs, films formed with increasing amount of water tended to show less smooth surface and therefore led to drop in conductivities. With few amount of DBSA used the viscosity from DBSA enhanced film smoothness and thus increased conductivities of films. However, DBSA could act as a template to increase polymerization of PEDOT. Therefore, further increasing amount of DBSA might let polymerization become too fast and reduce film smoothness. Addition of imidazole also retarded polymerization of EDOT and more smooth films were obtained.
In water-rich systems, micelles and aggregation prevented PEDOT chains from welldoping. DBSA molecules constrained PEDOT being doped by the tosylate group of initiator due to steric hindrance. However, an addition of imidazole enhanced the doping of tosylate group on PEDOT. In methanol-rich systems, PEDOT started to lose its weight at lower temperature by TGA. The dopant group has a lower degradation temperature, and well-doped samples had more extended chain conformation. Thus they started to lose their weight at lower temperatures and left less char yields. PEDOT synthesized without imidazole started to lose its weight at a higher temperature and left more char yield, which indicated poor-doped PEDOT and more coiled chain conformation.
Experimental part

Materials
EDOT (3-ethylenedioxythiophene), imidazole and Fe(OTs) 3 (Iron(III) ptoluenesulfonate hexahydrate) were purchased from Aldrich. DBSA (dodecylbenzene sulfonic acid) and methanol were obtained from Acros. All materials were used as received.
Preparation of PEDOT film
The PEDOT films were prepared on glass substrates (25 mm x 25 mm) by the following procedure. Fe(OTs) 3 , DBSA and imidazole were dissolved, separately, in solvents with different ratios of water and methanol and heated to 60 o C. EDOT monomer was added to the imidazole solution and eventually added to the Fe(OTs) 3 solution. The mixture was then coated onto glass via spin-coating for 10 seconds at 500 rpm. Polymerization was carried out in an oven at 110 o C for 10 min. The resulting films were thoroughly washed with methanol for several times. The molar ratio of EDOT: Fe(OTs) 3 : Imidazole was fixed at 1: 1.75: 2, according to Ha et al's work [16] . The molar ratios of DBSA/EDOT were 0, 0.2, 0.3, 0.5 and 0.6. The molar ratio of DBSA/EDOT was fixed at 0.3 when using methanol/water mixture as solvent. The conditions are summarized in Table 2 .
Tab
Characterization
The morphologies of films were examined by scanning electron microscopy Tescan 5136MM. The thermo properties were examined by Perkin-Elmer TGA-7. The UV-Vis spectra were measured by UV-Vis Spectrometer HEλIOS γ. The TGA analysis was performed with nitrogen gas purge and at a heating rate of 10 o C /min. The surface electrical resistances were measured using standard four probe technology at room temperature, and the thickness of films were determined by SEM after making a cut on the glass substrate. The electrical conductivity of the films was determined from equation (1),
where t is the thickness of film, R is the surface electrical resistance and A is the cross-sectional area of film. The surface tension of DBSA solutions was measured with Sinterface PAT-2P Tensiometer at 20 o C.
